Introduction
One important advantage of the single-spot scanning optical microscope is its ability to form images in multiple modes. As early as 1951, phase-contrast and fluorescence images were obtained in the same flying-spot microscope (Mellors & Silver, 1951) . It is now routine to combine epifluorescence with simultaneous transmission imaging and a variety of laser scanning confocal, and multiphoton microscope systems that have this facility are available commercially. In forming the transmission image, the laser light passes through the optics in reverse of the normal direction. All of the current transmission methods depend on the use of a non-imaging detector such as a photodiode or photomultiplier, which collects and spatially integrates the light passing through the back focal plane of the microscope condenser at each instant of time. The signal from the detector is amplified as a single scalar quantity, digitized and used to determine the brightness of the appropriate pixel in the displayed image. The assignment of an intensity value to a particular pixel is controlled by timing, which guarantees that the transmission image is spatially in register with other images such as an epifluorescence image, even if the centering of the condenser and detector are imperfect. In this, the condenser functions as a collector rather than as an imaging lens. Indeed, provided the back aperture of the condenser is filled with laser light of sufficient intensity, a diffuser can be inserted between the field iris and detector without impairing the resolution or other quality of the scanned image.
There is often a need to collect a transmission image to record the morphology of a biological specimen at the same time as a confocal or multiphoton epifluorescence image. We have examined many modes of transmission imaging to find the best partner for confocal epifluorescence. Our results (unpublished) show that phase contrast, though cheap and informative, is far from ideal, since the presence of the phase plate in the objective lens reduces the confocal epifluorescence intensity (sometimes by more than 50%) as well as impairing resolution. Hoffman single-sideband optics are adequate at low magnifications, but at high magnification it becomes obvious that the point spread functions of the Hoffman objectives are markedly asymmetrical, producing disturbingly asymmetrical images in through-focal series of symmetrical fluorescent objects such as spherical cell nuclei and beads (unpublished observations).
We obtained good results with differential interference contrast (DIC). This is now widely used in conjunction with confocal epifluorescence. In scanning DIC, the laser beam is brought to two foci by the action of the objective and its associated Wollaston prism (Amos, 1999) . This doubling must reduce slightly the epifluorescence image resolution in the direction of shear, but this has apparently not been reported as a problem by any of the large number of current users. An advantage of scanning DIC is that, provided the input laser beam is plane polarized in an appropriate azimuth, the analyser, which would otherwise absorb a large fraction of the epifluorescent emission, can be removed from the microscope. Some disadvantages of DIC are well known. The strain-free objectives and quartz Wollaston prisms are costly, fragile and heat-sensitive (Salmon & Tran, 1998) . The signal level is reduced by the presence of the polarizer, which has to be set to near-extinction. Image contrast is often reduced, sometimes drastically, by the presence of birefringent material. This can consist of fabric fibres which are apt to contaminate the optics, the plastic of Petri dishes or highly birefringent substances such as myelin within the specimen itself. A less well-known problem is that the varying ellipticity of polarization of laser light after passage through a single-mode fibre can cause fluctuations in the brightness and bias of a scanned DIC image. This is important because such fibres are often used to connect lasers to confocal scanning microscopes.
It would seem that the ideal scanning transmission method should not obstruct or modify in any way the back-focal plane of the objective and should not depend on the polarization state of the transmitted light. In pioneering work the Oxford group described how a transmission image could be produced in a stage-scanning laser microscope, satisfying both these criteria. In their microscope, the laser beam was expanded to fill the back focal plane of a conventional bright-field objective, by which it was brought to a stationary axial focus. The specimen was scanned relative to this focus and the transmitted beam was passed through a condenser lens and then projected on to a split photodiode. The photocurrents in opposite segments of the diode were fed into a differential amplifier and the output used to determine the brightness of the image at each scan position. Images of buccal epithelial cells at low resolution resembled DIC images, each refractile body having one margin dark and the opposite margin bright. Hamilton et al . termed this 'differential phase contrast' (DPC), adopting a term previously used in electron microscopy. They pointed out that the formation of this image is simpler than that of DIC, since amplitude changes resulting from absorption in the specimen do not produce contrast, whereas the DIC image contains both phase and amplitude information. In spite of a convincing demonstration of high-resolution images of cytological detail in DPC in a beam scanning instrument (Cogswell & Sheppard, 1990 ) and some continuing work on DPC in a prototype confocal transmission instrument (Atkinsen & Dixon, 1994) , the potential value of DPC in the type of scanning microscope now widely used by biologists does not seem to have been realized. This may perhaps be because it is not obvious that DPC will work well in an ordinary microscope, since the condenser lens must focus the light from the aperture plane accurately on the split detector, rather than merely act as a collector. A more likely reason is the widespread availability and practical convenience of DIC, which provides an image that can be viewed in the eyepieces and captured in a conventional camera as well as one that can be produced by scanning.
To reassess the value of DPC, we have constructed a split diode detector as an external addition to a commercially available confocal laser scanning microscope. This microscope uses conventional bright-field optics, including a standard condenser lens. We sought to answer the following series of questions. Given that DPC amplifies tiny differences in the integrated intensity between opposite regions of the detector, can it provide a comprehensible transmission image in a scanning beam system even at the lowest zoom levels? Even where the scanning optics are optimized to give no translation of the beam in the aperture plane (Amos, 1998) , any residual imperfections in this regard might be expected to disturb such a sensitive differential detector. Is the DPC image as useful as the DIC for thick as well as thin biological specimens? Is it as sensitive to very small phase differences in the specimen? Does it provide as good optical sectioning as DIC? What power of laser illumination is needed to generate a DPC image, as compared with DIC? Is DPC, in practice, insensitive to absorption in the specimen, as indicated by the work of Hamilton and colleagues?
In approaching these questions, we were encouraged by the more recent scanning-beam transmission results of Cogswell & Sheppard (1990) .
A different range of imaging modes has been demonstrated by Török et al . (1996) using a scanning confocal epifluorescence microscope. A semicircular opaque screen was inserted into the back pupil of the microscope objective. Pairs of images were taken with the screen in two diametrically opposite positions and digital processing produced a dark field (by addition) or a differential phase result (by subtraction). This method is clearly of value for the study of reflective surfaces and scattering particles in specimens and is superior to that discussed here in that it is a confocal method. Lichtman's group (Conchello et al ., 1997) obtained results of extraordinary phase sensitivity by an approach similar to that of Török et al . Neither method provides a transmission image.
Materials and methods

Microscope apparatus
The scanning microscope used for DPC in this work was a prototype with a scanning system identical to that of the Bio-Rad Radiance (Amos, 1998) , equipped with diode lasers emitting at 473 nm, 532 nm, 635 nm and 780 nm. The scan head was attached to the vertical photoport of a Nikon E600 microscope with a condenser lens of nominal NA 1.4, but used dry. A firstsurface enhanced aluminium mirror was placed between the halogen lamp house and the back of the microscope on a sliding fitting so that it could be removed, to allow normal transmitted illumination, or inserted at will to divert the laser light emerging from the condenser lens to the photodiode (Fig. 1) . The diffuser normally present in the microscope was removed, so that the collector lenses within the body of the E600 microscope formed a real image of the aperture plane of the condenser at a distance of 260 mm from the lamphouse-seating at the back of the microscope. The diameter of this image was 28 mm for the × 100 and × 60 lenses of NA 1.5 and 11 mm for the × 10 objective of NA 0.3. This image needed considerable demagnification to fit the active area of the quadrant photodiode, which was achieved by means of a strong positive lens.
Unless otherwise stated, the images shown here were obtained with an uncoated aspheric demagnifying lens with a focal length of 25 mm. The photodiode used was a hermetically sealed quadrant type, Centronic QD7-5 (Radiospares product number 652-027) with an active diameter of 3 mm. The photodiode preamplifier gave out 1 V for each 10 µΑ of photocurrent. It was mounted on a three-axis micromanipulator, so that it could be moved along the optic axis or in two axes perpendicular to this. According to the supplier, the diode responds to wavelengths between 430 and 900 nm, with peak response at 820 nm. As indicated in Fig. 1 , the diode was connected to an electronic circuit so that the output from all four quadrants could be summed or the outputs from diagonally opposite quadrants or opposite pairs could be fed into differential amplifiers to give eight possible difference signals. Any one of the difference signals could be selected during imaging by a rotary switch. The chosen signal was fed into a transmission detector board supplied with the Radiance system, where it was subject to further analog gain and offset controls (Bio-Rad).
DIC imaging was performed with the same type of confocal laser scanning system (Bio-Rad Radiance) in conjunction with a Nikon E800 microscope, using × 60 and × 100 Planapochromatic oil-immersion objectives, appropriate Wollaston prisms and the standard de Sénarmont compensator (Nikon) for bias adjustment. The DIC transmission detector (Bio-Rad) was of the photodiode type.
Power measurements were made by removing the objective from the nosepiece of the microscope and allowing the laser beam to shine directly on to the detector of a Lasermate-Q power meter (Coherent Inc.).
Adjustment of the photodiode for DPC
It proved difficult to centre the photodiode and place it in the correct aperture plane for DPC merely by viewing the effects of adjustments on the image of the specimen on the computer screen. The procedure finally adopted was as follows. The signal from all four quadrants was first electronically summed, so that the detector could be centred by seeking the highest signal, corresponding to the brightest part of the laser beam. When the diode had been centred in this way, the amplifier was switched to differential operation and the diode was shifted along the optical axis (i.e. vertically in Fig. 1 ) towards the demagnifying lens. It proved possible to place the diode by this means in a relayed image plane, where the laser focus scanned in a raster pattern over the surface of the diode. The result was an optical beam-induced current (OBIC) image of the diode itself, in which the brightness varied when the photocurrent changed abruptly each time the beam crossed a sector boundary (Fig. 2 ). Amplifier gain and black level were Fig. 1 . Schematic diagram of optical and electronic apparatus used to produce DPC images. The scan head was a prototype, but identical in all aspects relevant to this work to a Bio-Rad Radiance. The microscope was a Nikon E600, from which the halogen lamphouse was removed. The mirror shown at the rear of the microscope directed the laser light through a demagnifying lens which produced an image of the back focal plane of the microscope condenser on the quadrant photodiode. When the normal microscope lamp was needed, the mirror was removed. The electronic circuit is shown in simplified form. Its function was to provide a summed signal derived from the photocurrents in all four quadrants, which was displayed on a meter and was also available as an output (not shown). Eight difference signals were also provided, any one of which could be selected as output. The electronic analog output was fed into a commercial transmission detector circuit board (Bio-Rad).
used to obtain an image of high contrast at this stage. The diode was centred accurately, using this image, and then displaced axially until the sector boundaries became blurred. This was continued until the diode lay in an aperture plane, which was indicated by the image background becoming uniform. Figure 3 illustrates stages in this process, during which slight corrective movements of the order of 0.1 mm transverse to the optical axis were necessary to prevent the image becoming too bright or too dark. The result was a DPC image with the characteristic appearance of the specimen shaded light and dark against a grey background (position 74.0).
Biological specimens
Buccal epithelial cells were obtained by gentle buccal abrasion and mounted in a thin film of saliva under a 0.17-mm-thick coverslip. Thin sections of striated muscle fibres were fixed and embedded in a refractive-index-matching medium by L. Kerr (Marine Biological Laboratory, Woods Hole, MA, U.S.A.).
Pollen grains of Passiflora caerulea were treated by boiling in strong mineral acids and acetic anhydride, dehydrated and mounted in Fluoromount™ from BDH/Merck. Specimens of the giant syncitial ciliate Zoothamnium geniculatum were collected from a local river, kept in an uncontracted form by treatment with a solution containing EGTA and magnesium ions, fixed with osmium tetroxide, dehydrated and embedded in epoxy resin. Young adult nematodes ( Caenorhabditis elegans ) were slowed by poisoning with traces of azide and mounted on an agarose cushion under a coverslip. Polystyrene beads (Polysciences) 1 µ m in diameter were attached to the coverslip by drying and then mounted in Gelvatol (polyvinyl alcohol) solution (Air Products BV, the Netherlands). Living brain slices were obtained as 250-µ m vibratome sections of C 57 Balb C mice at stage P14. They were examined under a coverslip Fig. 2 . OBIC images of the quadrant diode obtained by displacing the diode from its normal DPC position into an image plane. In order to show the entire surface of the diode the focal length of the demagnifying lens was increased to 50 mm and a ×10 objective was used, giving a scanned raster larger than the area of the diode. Each panel shows the image obtained from one of the eight difference outputs of Fig. 1 . The small features within the image are pollen grains, which are seen in bright-or dark-field, depending on where they lie within an image of the specimen which is superimposed on the OBIC image of the diode. supported by silicone grease in an oxygenated saline solution, using a × 60 water-immersion objective, NA 1.2 (Nikon).
Results and discussion
It was obvious from the first images such as Fig. 3 that the split diode is capable of furnishing useful images even at minimum zoom levels in the beam-scanning microscope.
Our first comparative high-resolution imaging was of buccal epithelial cells, previously imaged with DPC by Hamilton et al. , for which we used green light at 532 nm and 546 nm, respectively, for DPC and DIC with a × 100 Planapo oil-immersion objective of NA 1.4 and a dry condenser. In both cases, it was possible, with our high-NA objective, to record the fingerprint-like pattern which is a feature of the fine structure of the surface of these epithelial cells and is a well-known test object (Fig. 4) .
The buccal epithelial cell is quite thin (approximately 20 µ m thick) and it was of interest to compare results with a thick, complex specimen, the nematode worm Caenorhabditis elegans . At first sight, the images, using red light at 635 nm for DPC and 637 nm for DIC with the same type of × 60 Planapo objective, appeared identical in the two methods (Fig. 5 ). Both were more informative than the scanned bright-field image (Fig. 5e ) and critical features, such as the polygonal cell boundaries in the gonad (Fig. 5f,g ), could be made out clearly in both DPC and DIC. Closer examination showed that the outof-focus background in the DPC image was less uniform, producing a granular or marbled appearance which suggested that the depth of field in the images, though small, was not quite as restricted as with DIC optics.
In order to examine the field depth, both imaging techniques were employed to take z-series (i.e. scanned images at a series of regularly spaced focal levels) through 1-µ m-diameter polystyrene beads mounted in Gelvatol.
The depth of field, as a subjective assessment, seemed to be roughly 4 µ m in DIC and at least 9 µ m in DPC (Fig. 6) .
In order to compare the sensitivities of DPC and DIC to very small phase changes in the specimen, we employed a critical test specimen well known from the course in Analytical and Quantitative Microscopy at Woods Hole (Inoué & Spring, 1997) . This consists of a fixed but unstained specimen of striated muscle, embedded in a resin of a high refractive index which almost matches that of the muscle proteins and sectioned in a microtome at approximately 360 nm thickness as for transmission electron microscopy. With the Nikon DIC optics and the × 60 objective it was possible to see the striations in the muscle section by looking through the microscope eyepieces, provided all the adjustments were made correctly, the light source was turned up to high brightness and the de Sénarmont compensator set close to extinction. The DPC image is almost identical to the scanned DIC image (Fig. 7) in showing the striations much more clearly than can be seen by eye. In both cases, DC bias and gain were set at the analog stage in order to increase contrast in the same way as for enhanced video (Salmon & Tran, 1998 ). It would also be possible, with both methods, to improve the image further by subtracting a background image digitally, to compensate for optical defects and inhomogenous shading, as is now standard practice for videoenhanced DIC. To confirm the observations of Hamilton, Sheppard and Wilson that the DPC image is insensitive to absorption (e.g. due to stains or natural chromophores) in the specimen, the ciliate Zoothamnium geniculatum was examined by DPC and DIC. This organism contains a contractile organelle (the spasmoneme , see Weis-Fogh & Amos, 1972) which may attain a size of 1 mm long and 30 µ m diameter. During osmium tetroxide fixation, this organelle becomes heavily blackened. Figure 8(a) shows a region of the main stalk of Z. geniculatum , in which the black organelle appears as such in the DIC image, but has the same brightness as the background in the DPC image (Fig. 8b) , confirming the results of Hamilton et al . This region happens to have diatom shells attached to it (arrowheads), and Fig. 8 shows also that the high birefringence of these siliceous shells contributes a disturbing local brightness to the DIC image. In comparison, the DPC image shows only the phase contrast that is expected from the high refractive index of the silica. It seems that the DPC image is, in these two respects, a simpler reflection of the phase nature of the object, without interference from absorption or birefringence. Totally opaque boundaries in image planes can, however, produce contrast in the DPC image. As shown in Fig. 8(c) , the opening of the field iris appears as a uniform disk matching the outer regions of the iris, as expected, but the edge is shadowed on opposite sides in such a way as to make the iris resemble a crater or flat-topped mountain. Opaque regions in a specimen are also shadowed, as shown in Fig. 8(c) .
In embryology and neurobiology, infrared light is frequently used for transmission imaging because of its ability to penetrate tissues more deeply than visible light. Commonly, DIC optics are adapted (by the use of special polarizers) to suit the infrared, or some form of oblique illumination is used (Dodt & Zieglgansberger, 1994) . This problem would seem to be well suited to the use of the split diode detector. We have therefore examined a living mouse brain slice with our DPC detector, using a 780-nm laser diode as the source. Although we did not have the equipment for a comparison with infrared DIC, the results (Fig. 9) are promising in that they show neuronal processes and cell bodies at more than 50 µ m depth.
As expected from the early results of Hamilton et al . with stagescanning microscopes, it was possible to rotate the direction of shading to eight different positions by selecting the different electronic outputs from the circuit of Fig. 1 . The diode had to be centred accurately by the method given above to ensure balanced signals, with similar background intensities in all eight positions. The value of this is shown in Fig. 10 , where differently orientated filamentous structures of the specimen are revealed or eliminated from the image according to the direction of shading. Experience with this adjustment suggested an alternative construction, in which a diode with two semicircular areas could be rotated mechanically, with translation possible only in a direction perpendicular to the sector boundary. This might be easier to adjust than the quadrant design, and might also give more efficient sampling of the aperture plane.
The power levels needed for DPC imaging were measured and compared with those needed for DIC, using silicon photodiode detection for the imaging in both cases, with the × 60 Planapo objective, NA 1.4 and the Passiflora pollen sample. The power level was progressively lowered to the point at which the image noise reached the lowest level acceptable without frame averaging. With DPC at 473 nm the required power level was 0.36 µ W, ans at 532 nm was 0.28 µ W.
For DIC, the corresponding values were 8 µ W at 488 nm and 6 µ W at 543 nm. Thus DIC needed approximately 21 times as much light at blue or green wavelengths as DPC.
Conclusion
It is clear that the method for obtaining a DPC image introduced by Hamilton, Wilson, Sheppard and Cogswell can be adapted to conventional confocal microscopes by adding an external detector system, and can yield useful results with a variety of biological specimens. It could also be used, detecting the incident laser wavelengths in multiphoton systems, in conjunction with epifluorescence and, with suitable chromatic separation, with second harmonic scattering microscopes.
Diode alignment is a potential source of difficulty in a retrofitted attachment, and we have presented here a procedure for aligning and focusing the diode DPC detector, involving an OBIC image. This requires a mechanical arrangement for Fig. 8. (a,b) Osmium-impregnated specimen of Zoothamnium. The DIC image (a) shows phase features but is also dark in the region of the contractile thread-like organelle (arrowed) showing that the image is a mixture of absorption and phase features. Absorption in the organelle does not appear in the DPC image (b), which is therefore more purely a phase image. Note also the diatom shells (arrowheads) which appear bright in (a) because of their birefringence. The shape of the siliceous diatom shells in optical section is more clearly shown in the DPC image (b) where contrast is generated by the high refractive index only of the silica, not its birefringence. (c) DPC image of a small region of a micrometer slide, set up for Kohler illumination. Note that the opaque (chromium-plated) cross-shaped region of the slide is shown with shadowed edges, as is the edge of the aperture of the field iris. Fig. 9 . DPC image of a living mouse brain slice in the region of the hippocampus, taken at a depth of 50 µm, in which cell bodies and axons are visible. Near infrared light from a 780-nm diode laser was used, with a ×60 water-immersion objective of NA 1.2. Images with some cellular detail could be obtained even at a depth of 200 µm, the limit being set by the working distance of the objective.
controlled displacement of the diode along the optical axis and rather more precise movements (to an accuracy of around 0.1 mm) in a transverse plane. Our apparatus works well, but could be improved by using a zoom lens to relay the image of the condenser back focal plane on to the diode instead of the demagnifying lens of fixed focal length used here. This would allow the size of the light spot on the diode to be optimized for different objective lenses and would make the adjustments less critical. It would also be advantageous to have an antireflection coating on all the collector lens surfaces.
DPC imaging requires 20 times less laser irradiation of the specimen than DIC. This is a significant advantage for confocal microscopy, where the laser intensity must be kept low to minimize specimen bleaching or phototoxic effects on live cells. The sensitivity could be improved even further by the use of photomultiplier tubes (or a multicathode PMT) in place of the quadrant photodiode.
The ability to vary the direction of shading electronically to best show particularly orientated features of the specimen is an obvious advantage over DIC. For example, the shading direction can be optimized to show axons in an electrophysiological preparation which cannot easily be rotated, which is often the case if microelectrodes or a perfusion chamber are used. It also makes it possible to collect images sequentially with two or more different shading directions without disturbing or vibrating the specimen. It seems likely that the absence from the DPC image of absorption due to pigment might be useful in visualizing refractile bodies in the presence of natural chromophores or stains.
An even more striking advantage is the immunity of the DPC image to disturbances caused by birefringence. This would allow the examination of cells in plastic dishes which cannot be done with DIC. It should also facilitate the examination of specimens such as myelinated axons, cellulose fibres or starch grains, where high birefringence in the specimen reduces the value of DIC as a phase-sensitive method.
It is not at present clear to us why the depth of field of DPC is greater than for DIC, using an identical objective and condenser. Because of this, DIC will undoubtedly remain the method of choice for certain specimens. A theoretical explanation of this may be difficult, since Inoué (1988) has found that the depth of field of DIC is smaller than can be accounted for by simple optical theory.
We intend to study the depth of field in DPC quantitatively in future with improved apparatus. It should then be possible to decide whether the relative inhomogeneity of the brightness of the field in DPC, as shown in Fig. 7 , is due to interference from out-of-focus structures, as seems likely.
In view of the advantages listed here, and the relative cheapness of the split-diode apparatus, it seems likely that DPC equipment will become available commercially as an adjunct to confocal and multiphoton scanning microscopes. Since the DIC results presented here were obtained with a clean, sealed scan head, whereas the DPC images were obtained with a lab prototype with uncovered optics and uncoated demagnifying lenses the performance of future DPC equipment may compare even more favourably with DIC. Fig. 10 . DPC images of the same region of a Zoothamnium specimen, showing progressive rotation of the direction of shadowing, produced purely electronically by selecting each of the eight outputs shown in Fig. 1 in turn. Each image was taken at the electronic setting of the corresponding panel of Fig. 2 . The vertically elongated features of the specimen include a fibrous tendon-like extracellular structure, surrounded by a tubular sheath. Note that the tendon and sheath can be seen clearly at certain azimuths of shadowing but almost disppear at other settings.
